Degradation of photovoltaic (PV) modules remains an important area of research. This paper focuses on degradation due to partial shading caused by controlled dust deposition of medium-sized sand. The sand was deposited in a controlled manner to simulate a dust clumping effect often caused by rainfall on a tilted module. While a number of studies have analyzed dustinduced reduction in power output, its impact on thermal variability during operation has neither been reported, nor quantified to date. Data is presented from four strings of an array in which two strings have been subjected to a dusting protocol and two strings are clean. Thermal statistics of the four strings are presented and compared. In addition, a number of thermal images recorded during IV curve traces are presented which depict dynamic hot spot evolution.
Introduction
As the supply of fossil fuels continues to diminish, there is a renewed impetus to use renewable resources as an alternative energy source. Although solar panels have been increasingly installed for residential and commercial use, significant questions remain regarding the efficiency over the lifetime of the solar panels. In particular, researchers have been paying close attention to the causes of degradation of photovoltaic modules [1] . Understanding degradation mechanisms will enable improvements in energy conversion efficiencies, overall performance and, ultimately the LCOE (Levelized Cost of Electricity). Degradation of photovoltaic (PV) modules can be caused by several factors including coating deterioration, changing resistances, mismatched cells, excessive cell temperature regimes, and partial shading [1] . Partial shading is environmentally induced via the accumulation of dust carried by wind, shading by nearby trees, and bird droppings, for example.
Main Issue
Although degradation analysis has received significant attention in the literature, only a few studies address shading caused by dust and its short-and long-term implications for outdoor PV modules during operation. This can be easily explained by the difficulty of reproducing and attaining proper quantitative analysis of highly irregular dusting, varying weather conditions, and light-scattering. Quantification and comparison of the impact across technologies and geographic locations can be a challenge due to variability in dust accumulation, self-cleaning mechanisms such as rain and wind, and dust composition. In addition to the reduction in overall photocurrent of the module, dense accumulation of dirt over part or all of a cell can lead to local hot spot generation which can be loosely defined as a thermal runaway process resulting from the dynamic interaction between the electrical characteristics of the array and the heat transfer of the PV cells. This becomes increasingly important if dust accumulates on a corner of a panel and is not cleaned. This may cause cells to become mismatched and hot spots to form, resulting in potentially irreversible damage to the module. If inherent mismatch of cells is already present, then shading may further accelerate the mismatch and hot spot effect. Cells in reverse bias will dissipate excess power in the form of heat. The objective of this paper is to quantify the thermal variability observed during a controlled solar array dusting experiment. The applied dust is indeed artificial, but is similar to natural dust in its effect on the PV cells.
Previous Works and Motivation
Dusting is not a new topic of study for PV modules. The literature documents the negative effects of dust accumulation on PV modules. For instance, Jiang (2011) studied efficiency degradation dependence on a variety of surface materials and dust densities. Fine test dust was injected into a test chamber by the use of fans and a dust generator in order to apply the airborne dust onto modules in a natural manner. A solar simulator was used, allowing for a completely controlled experiment [2] . Beattie (2012) examined the effects of sand for desert geographies and developed a rigorous procedure for its filtration. Dusting, dust effects, solar, photovoltaics, thermal sieved through a liquid strainer and a linen fabric to achieve 170µm particles. These were deposited upon a slide and analyzed through an optical microscope. The detailed data as well as software simulations of particle dusting enabled a study of area available for photon capture and PV array assessment and diagnostics [3] . Zorrilla-Casanova (2011) performed outdoor experiments to quantify PV performance losses caused by surface dusting. A focus on local weather and pollution produced some results describing performance dependence on environmental characteristics such as light diffusion, solar angle of incidence, rain, and humidity [4] . However, with a few exceptions, these previous works almost exclusively focus on highly uniform and/or indoor-controlled dusting, and primarily examine performance (power (W)) as their comparison metric.
The motivation for this study stemmed from an interesting dusting pattern that was found to cause hot spots in the institute's solar array half a year ago. In November 2011, rain was already typically expected for weather conditions. During such a weather season it may be reasonable to expect a formation of a uniform and thin layer of dust that would be completely washed off with the rain on a regular basis. This is a perfectly legitimate supposition that was proven mistaken once hot spots were observed to reach 65 centigrade (Fig. 1) . While the rainfall certainly did clear most of the cells of the tilted modules, a significant quantity of dust was still present. Depending on the direction of incoming rain, the dust particles were pushed either to the bottom edge of a panel or to one of the bottom corners. The frame surrounding the modules created a ledge that contained water and dust and kept the water from sweeping the dust right off the module. After the weather improved and the water dried, the dust still remained but in thin, dense strings. Figure 2 shows one accumulation pattern observed, specifically when the raindrops were parallel with the tilt of the module. The study discussed in this paper further examines the thermal characteristics of partially shaded panels and the hot spots formed by artificially reproducing the observed post-rainfall effect. Figure 1 . Observed hot spots due to a combination of rain and dusting. Note that the darker the shade of a cell, the higher the temperature observed.
Experimental Materials and Methods
The objective of this project is to analyze the thermal variability in cells of PV modules induced by dust accumulation. An accumulation of dust at the bottom of tilted modules, which initiated the formation of hot spots, had been previously observed (Fig.1) . Rainfall and a possible combination of morning dew pushed the dust layer into concentrated regions at corners and edges. In this paper, artificial dust was placed on the tilted modules and water was applied in a controlled manner in order to reproduce these features. The picture taken of the incident mentioned (Fig.2 ) was used as a reference for this project; however, exact conditions were impossible to reproduce due to a number of factors which will be discussed further. Figure 2 . Natural build-up of dust at the bottom of a PV module (see hot spots in Fig. 1) 
PV Array Details and Data Acquisition
The PV modules used in the project are located on the rooftop of the Silicon Valley campus building of Carnegie Mellon University in Moffett Field, California. The specific latitude and longitude of the panels are 37.410233 N and 122.059610 W, respectively, with 13.5 meter elevation. The solar array consists of polycrystalline, 652 x 639 mm Kyocera (KC-50T) modules arranged over 30 panels as displayed in Figure 3 . However, for this project 24 modules were used; Figure 3 shows the original arrangement rather than what was used (the 4-module strips would be 3-module strips and one of the 2-module strips would be missing from the diagram). Figure 4 contains labels for the modules that were operated for data collection. Each module contains 36 cells of three main layers: glass on top (3.2 mm thickness), silicon cell in the middle (0.2 mm thickness) and Tedlar backing (0.2 mm thickness). A DS18B20 Digital Temperature Sensor was placed underneath each cell to monitor temperatures (36 sensors per module). Data was collected roughly once every 7 seconds during a sweep.
For the experiment, all modules were tilted. Modules 1 through 12 were tilted at about a 7.37° angle (12.93% grade), whereas modules 13 through 24 were tilted at approximately 9.03° (15.90% grade) above the horizontal. 
Artificial D
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In this pro applied to PV diameter size w as medium san composition w sieve that has mm. Sand of t blown to the el extremely high ng rooftop with ule and string l The precise deposited mass of dust is susceptible to change due to the natural wind outdoors. Measures were taken to minimize this issue, namely by moistening the panel surface before dust application and placing barriers about the dusted panel during application. Moistening prevented the sand particulates from sliding down the panel and being blown away. The barriers caught some particles that fell off the module of application and the captured particles were placed on the panel once again. It is assumed that negligible mass was lost, if any.
Panel moistening was performed with a standard 32oz. household chemical sprayer, adjusted to maximum mist. Two sprays from 24 inches above module surface deposited on average 7.3 mL of water. The average should be acceptable to account for the possible effect of wind speed and direction.
In order to reproduce an initially uniform layer of dust, the same nylon sieve mentioned in the previous section was manually shaken 4 inches above module surface in order to slowly agitate the pre-filtered and controlled sample of dust.
The effect of dew and rainfall was simulated through application of controlled drops of 10 mL of water across the module, parallel to the distribution of dust and approximately at a surface distance of 11.68 inches (about 2 cells length) from the bottom ledge. Figure 6 shows an example of a dusted module. The simulation did not match the natural effect (Fig. 2) as well as intended, but the results were more than acceptable given the restrictions provided by the controlled parameters. Specifically, the particles used require more effort to move along with the flowing water than fine airborne dust, and thus produce a less random and more uniform coating of dust. Also, syringes containing 10mL were used for the sake of applying controlled drops of water onto the panel as opposed to natural raindrops of smaller, irregular size that have random locations of impact. The quantity of water chosen to drop was the maximum that could be applied in order to prevent overflow on the frame edge so that the quantified dust sample could be retained. Densities of deposition are a commonly reported metric in other dusting works ( [7, 8] ), which is an appropriate metric for uniform dust. However, this work differs in that the point of study is on localized and nonuniform dusting characteristics. The average densities are nevertheless reported for comparison. Naturally, because a larger mass of dust was applied for Modules 13-18 (string 3), the corresponding densities were slightly larger.
The density area covered was measured by taking a digital camera image 3 feet above the panel, high enough to attempt to remove any camera distortion. Sand-covered area was precisely selected in an image-editing program and this area was measured using a color histogram tool. In order to correlate pixel count to real area, pixel counts of a known area were obtained for each module image, allowing for accurate measurement, free of any camera positioning disparities. A similar approach was used with a microscope and printed ruler in order to measure sand particle size and sieve mesh size that were reported previously. 
Results and Discussion
Each daytime sweep was relatively short and only lasted about fifteen minutes, yet this was ample time to create apparent hot spots. In fact, dusted modules began to heat up at an alarming rate in only seconds, perhaps because operation began at a short circuit state. In the discussion of results that is to follow, only two data sets are analyzed. One data set was taken at a time interval starting approximately at local solar noon, which was at 1:15 pm PDT, or at 20:15 GMT. This data set was specifically chosen because irradiance levels reach a peak at solar noon. Therefore, the highest degree of heat dissipation of the cells is expected at this time and anything before or after solar noon should be less extreme. The other set was of night time data, starting at 10:25 pm PDT (5:25 GMT) and lasting until 10:55 pm PDT (5:55 GMT), which was well after sunset. In the night data, the irradiance levels can be assumed to be at a minimum. Some pyranometer readings may be distorted due to noise in instruments rather than actual irradiance at night. These night time sweeps took longer to complete due to lower ambient temperatures. Out of the 24 modules, modules 7 and 11 were not taken in consideration because the sensors malfunctioned and did not collect any data. With respect to the solar noon data, data from module 21 was unused because an abnormally uniform and large amount of heat was generated compared to its clean counterparts in string 4. If any degree of shading was placed on module 21, a hot spot would probably have immediately formed. This effect may be attributed to inherent mismatch of cells, but has not been quantified for this study. For consistency, data from module 21 was not used in the examination of the night set.
Dusted vs. Clean
As one should expect, the dusted strings produced significantly higher temperature variances and values than the clean strings at solar noon.
The variances of dusted strings at solar noon were nearly double that of clean strings. Corresponding standard deviations demonstrated that they were less uniformly heated than their clean counterparts. For example, string 1 (dusted) had a variance of 26.3910 °C while string 2 (clean) had a variance of 11.6849 °C (Table  3with shaded table elements corresponding to dusted strings). The ratio of variance between string 1 and string 2 was 2.2586 and the ratio of variance between string 3 and 4 was 1.7203. While the ratio of the latter was smaller, both ratios were roughly equal to 2. Taking into account both clean strings and both dusted strings, similar results are produced. The variance of both dusted strings (1 and 3) and both clean strings (2 and 4) was 26.6010 °C and 13.8688°C, respectively, making this ratio equal to 1.9180 and thus confirming the same observation as did for individual strings (Table 4) .
If dusted strings behave similarly and, likewise, clean strings behave similarly, then the ratios between the two dusted strings and two clean strings should be nearly 1. The ratio between strings 1 and 3 (dusted) is 0.9846 and the ratio between strings 2 and 4 (clean) is 0.7499. The ratio between dusted strings verifies the expectation well although the ratio between clean strings is slightly lower than 1.
Baseline data can be used to indicate that temperature rises and hot spot formations were due to dusting rather than attributed to inherent mismatch alone. The baseline data comes from a separate sweep in which the modules were left in the same tilted orientations but were cleaned. For a quick example, the baseline variance of string 3 was 22.6385°C and the baseline variance of string 4 was 18.9546°C. The ratio between baseline variances of strings 3 and 4 is 1.1944, whereas the ratio of variances of strings 3 and 4 at solar noon was reported earlier as 1.7203. Clearly, the large increase in variance for the data at solar noon indicates that dust, indeed, has a thermal effect on PV modules, whether it generates new mismatch in cells or accelerates pre-existing mismatch. Due to the large number of data points taken and the fact that hot spots typically formed on only one cell of a given module, the average temperatures of each module do not convey a significant amount of variability. The data from all other cells certainly overshadowed the extreme temperatures from only one or two cells that dissipated heat due to hot spots. The mean temperatures are reported in Tables 5 and 6 . The data does, however, correctly convey that the dusted strings were hotter on average than the clean strings. Tables 5 and 6 show negligible variability, they are not meant to insinuate that there existed little variability. By taking the difference between the maximum operating temperatures of each module and the corresponding mean temperature, variation can be observed to a greater extent (Table 7) . There is a greater difference computed for dusted modules as opposed to clean modules. It is also clear, however, that there is quite a bit of variability within strings. For instance, among the values from string 1, module 5 produced the most severe hot spot and a 44.6173°C difference, whereas module 1 of the same string produced a mere quarter of the difference of that of module 5. Table 8 contains the average and standard deviation of the differences per string that are in Table 7 . The average differences per string prove to be much more useful than the average temperatures stated earlier since a clear pattern can be seen. The values of the mean differences are of the same magnitude for dusted strings 1 and 3 and clean strings 2 and 4. Figure 7 shows a graphical image of the variable difference for module 5. The difference is comparable for modules 17 (highest difference of string) and 15 (lowest difference of string) of string 3. The clean strings obviously did not produce as large a variable difference. The clearest visual representation of the hot spots and the distribution of higher temperatures, or lack thereof, formed by a dusted and clean module is shown by Figures 8 and 9 , respectively. Figure 8 and 9 display visualization for modules 4 and 10. Also note from Figure 4 that modules 4 and 10 are aligned in their respective dusted and clean strings, which makes them more comparable. The darker the shade, the higher the temperature and the more severe the hot spot. 
Night Time Data
At night there was a negligible amount of irradiance compared to the daytime. Irradiance was less than 0.050 W/m 2 , which may have been affected by noise from the pyranometer. As in Tables 3-6 , statistics were computed for variance, standard deviation and mean (Tables 9-10). Clearly there is a sharp contrast between the results between night and day sets. At night, hot spots are impossible to form regardless of dusting, let alone rising temperatures, because of low irradiance and uniform darkness. Thus, all variances and means were essentially the same. The first clean string (2) had higher variance than the string 1, contrary to one might expect if dust had an effect. However, strings 3 and 4 demonstrate the opposite effect in that string 4 (clean) had a lower variance than string 3. The random behaviour suggests that dust had no effect on thermal variability at night. 
Effect of Deposition Density
Referring back to Table 2 , the deposition densities in g/mm 2 were typically greater in string 3 than that in string 1 because a slightly larger mass of dust was applied over roughly the same area. According to Table 3 , string 3 (higher concentration of dust) had a slightly increased variance in temperatures generated than string 1 (lower concentration of dust). It was also observed that hot spot temperatures were slightly lower for a string with higher density. String 1 (lower concentration of dust) produced an average temperature of 42.4658 °C and string 3 had an average temperature of 42.3349 °C as seen in Table 5 . A module-to-module comparison can be seen in Table 7 . These quick observations are inconclusive, however, since past literature has only analyzed the effect of deposition density on electrical characteristics such as power and efficiency [2, 8] . For a future project, it would be wise to conduct multiple experiments and verify if these thermal observations are precise, as well as check if uniform dusting density may have a different behaviour from non-uniform density. The method with which the densities were calculated in other works also matters. The calculations for some other studies was greatly simplified by the fact that uniform dusting covered the entirety of a particular module, meaning the area of deposition was essentially the area of the module itself. The method used for this project was complicated by focusing on a smaller and more localized region. Also, the method used to find pixels of dust in an image-editing process seems to be a more accurate way to calculate density, which other studies did not appear to implement.
Conclusion
The emphasis of the project was to document the change in thermal variability observed among strings of partially shaded and clean photovoltaic modules. Hot spot generation was induced via the application of a relatively dense layer of dust that simulated a post-rainfall effect. According to the data obtained and statistics that followed from calculation, the project successfully demonstrated a large variability in temperature between two pairs of clean and dusted strings (1&2 and 3&4) and between the combination of clean and dusted strings (1&3 and 2&4) at solar noon. In contrast, hardly any variation was observed at night, which is to be expected because the lack of irradiance makes the formation of hot spots impossible.
Aside from the controlled application of water droplets and the deposition of artificial and, for this geographic region, unrealistic dust, natural conditions governed the experiment to produce realistic degradation effects. Because the focus of the study was not on the characteristic properties of the dust but rather on the results caused by the dust, dust of larger particle size, categorized between fine and coarse sand, was used such that hot spots could form quickly. In this project, hot spots formed within a few seconds so that a single data sweep lasted about 15 minutes starting essentially at solar noon. Some statistics obtained showed the variances in temperature of dusted strings were nearly double that of clean strings. The variance of both dusted strings was 26.6010 °C compared to a mere 13.8668°C for clean strings (Table 4) . Using baseline data, dust was confirmed to have a thermal effect on the behaviour of PV modules such that hot spot generation cannot be attributed to inherent mismatch alone.
Hot spots truly created a significant impact on the variability of operating module temperatures during daylight. Despite the higher dust deposition density of string 3, string 1 produced higher hot spot temperatures. In fact, module 5 produced as much a 44.6173°C difference between the maximum temperature reached and the average temperature of the module over the whole time interval (Table 7) , which can be clearly seen visually in Figure 7 . The clean modules of strings 2 and 4 typically operated at the approximately the same temperatures. The night time data produced suggests that dusting has little to no effect on thermal variability at low irradiance. Overall, the short-term results found in this project should serve as an effective indication of the long-term detrimental damage that can be inflicted upon PV panels if they are not properly maintained and cleaned on a regular basis.
Although this particular work focused solely on thermal variability, a broadened study including the variability in electrical characteristics is another project worthy of consideration in the future as well as a separate study on the effect of dusting on different types of cell technologies (mono-crystalline cells, polycrystalline cells, and thin films).
